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Abstract. We present the first 3-D model of seismic P and
S velocities in the crust and uppermost mantle beneath the
Gulf of Aqaba and surrounding areas based on the results of
passive travel time tomography. The tomographic inversion
was performed based on travel time data from ∼ 9000 re-
gional earthquakes provided by the Egyptian National Seis-
mological Network (ENSN), and this was complemented
with data from the International Seismological Centre (ISC).
The resulting P and S velocity patterns were generally con-
sistent with each other at all depths. Beneath the northern part
of the Red Sea, we observed a strong high-velocity anomaly
with abrupt limits that coincide with the coastal lines. This
finding may indicate the oceanic nature of the crust in the
Red Sea, and it does not support the concept of gradual
stretching of the continental crust. According to our results,
in the middle and lower crust, the seismic anomalies be-
neath the Gulf of Aqaba seem to delineate a sinistral shift
(∼ 100 km) in the opposite flanks of the fault zone, which
is consistent with other estimates of the left-lateral displace-
ment in the southern part of the Dead Sea Transform fault.
However, no displacement structures were visible in the up-
permost lithospheric mantle.

1 Introduction

Tectonic activity in the Gulf of Aqaba region is responsi-
ble for high levels of seismicity, which represent a signifi-
cant hazard for the local population. For example, in 1993
and 1995, two strong earthquake sequences with magnitudes
reaching Mb= 5.8 and Mb= 6.7 (main shocks), respectively,
occurred beneath the Aqaba basin (Abdel Fattah et al., 1997;
Hofstetter, 2003). Understanding deep tectonic mechanisms
is important for better assessment of the seismic hazard in
this region. However, there are still several important ques-
tions regarding the geodynamics of the Gulf Aqaba region
and surrounding areas that have not been resolved, and these
are the active focus of several debates among specialists in
different domains of the geosciences. One of the issues re-
lates to the nature of the opening of the Red Sea northern seg-
ment. Specifically, it is still unclear whether this feature re-
sults from stretching of the continental crust or from spread-
ing and formation of the ocean-type crust. Several other
unanswered questions relate to the mechanisms of origin and
evolution of the Dead Sea Transform (DST) fault. In partic-
ular, it is still debated which portion of the lithosphere (only
the crust or the entire lithosphere) is involved in the strike-
slip displacement along this fault zone. In addition, there are
several alternative hypotheses related to the opening of the
deep basins of Aqaba and the Dead Sea along the fault zone.
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Solving these and other geological problems requires robust
information on the deep crustal and mantle structures.

Several regional studies were performed for large areas
of Asia and Africa that included the region investigated
here. Large-scale surface-wave tomography studies by Park
et al. (2008) and Chang and van der Lee (2011) did not reveal
any particular features related to the Aqaba basin. Accord-
ing to the models of the crustal structure and Moho depth
for the entire eastern Mediterranean region by Koulakov and
Sobolev (2006) and Mechie et al. (2013), the crust to the
north of the Gulf of Aqaba is locally thicker than the crust of
other areas. A recently derived seismic model for the upper
mantle beneath the Arabian region (Koulakov et al., 2016)
gives fair resolution for the Sinai, Aqaba and Dead Sea re-
gions; however, it does not provide any information for struc-
tures above a 100 km depth.

On a crustal scale, there are distinct differences in the
number of studies that have previously examined different
segments of the DST. The most comprehensive studies have
been performed in the area of the Dead Sea (DESERT Group,
2004; Weber et al., 2009). Notably, several passive and ac-
tive seismic experiments at different scales, receiver function
investigations and magneto-telluric studies have provided in-
formation on the crustal and upper mantle structures (Ritter
et al., 2003; Mechie et al., 2005; Mohsen et al., 2006).

Between the 1960s and 1980s, some reflection and re-
fraction seismic studies used active sources to explore the
detailed upper crustal structure beneath the Gulf of Aqaba
(Ben-Avraham et al., 1979; Ginzburg et al., 1981; Ben-
Avraham, 1985; Makovsky et al., 2008; Hartman et al.,
2014). Seismic refraction data revealed a gradual southward
decrease of the Moho depth from ∼ 35 km at the northern
edge of the Gulf of Aqaba to ∼ 27 km in the southern part.
These results helped identify some of the fault structures that
can be used to explain the mechanisms of the opening of the
Aqaba basin (Fig. 1b).

This overview shows that between detailed seismic sur-
veys of shallow structures in the Aqaba region and large-
scale regional tomographic models, there is a gap related to
studies of the crust and uppermost mantle beneath the Gulf
of Aqaba and surrounding areas. Although there is active
seismicity in this region and a fair number of seismic sta-
tions on both sides of the Gulf of Aqaba, to date, no detailed
earthquake tomography work has been performed here. The
purpose of this study is to close this gap and to present a
new tomographic model based on a large dataset, which was
provided by the Egyptian National Seismological Network
(ENSN) and complemented with data from the International
Seismological Centre (ISC). The 3-D models of P and S ve-
locities allow another look at the structures beneath the Gulf
of Aqaba and surrounding regions and enhance our knowl-
edge of the deep mechanisms driving the geodynamic pro-
cesses in this region.

Figure 1. (a) Major tectonic framework of the study area schemati-
cally representing the main displacements of the major plates. DST
is the Dead Sea Transform fault. (b) Tectonic units in the area of
the Gulf of Aqaba. Gray lines are faults in Egypt (Darwish and El
Ababy, 1993; Bosworth and McClay, 2001), blue lines are faults in
Saudi Arabia and red dotted lines are dykes according to Eyal et
al. (1981).

2 Geological setting

The Gulf of Aqaba is a basin located at the northern tip of the
Red Sea, east of the Sinai Peninsula and west of the Arabian
Plate (Fig. 1). With the Gulf of Suez to the west, it extends
from the northern portion of the Red Sea. The length of the
Gulf of Aqaba is 160 km, and its largest width is 24 km. The
maximum floor depth in the gulf reaches 1850 m (Fig. 1b).

The Gulf of Aqaba represents a transition zone from the
spreading zone in the Red Sea to the DST characterized
by strike-slip displacement (Ben-Avraham et al., 1979). A
very similar transition occurs in the Gulf of California at the
southern edge of the San Andreas Fault. Many researchers
(Joffe and Garfunkel, 1987; Ehrhardt et al., 2005) accept that
the opening of the Gulf of Aqaba occurred simultaneously
with the initiation of the DST 20–15 Ma ago. The DST can be
traced for more than 1000 km from the Red Sea to the west-
ernmost end of the Zagros collision zone in eastern Turkey;
it cuts the continental crust along the eastern margin of the
Mediterranean Sea. Global positioning system (GPS) obser-
vations provide rates of the present left-lateral displacement
along the DST fault in the range of 3.5–4.0 mm per year
(Wdowinski et al., 2004; Gomez et al., 2007), but geologi-
cal data provide evidence for faster rates ranging from 5 to
10 mm per year of long-term displacements in the past start-
ing from the initiation of the DST 20–15 Ma ago (Garfunkel,
1981; Chu and Gordon, 1998). On the basis of geological in-
formation, the total displacement in a segment of the DST
between the Gulf of Aqaba and the Dead Sea has been esti-
mated to be 105 km (Freund et al., 1968; Bartov et al., 1980;
Garfunkel et al., 1981). To the north of the Dead Sea, the
displacement is considerably less (Garfunkel, 1981).
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The initiation of the DST was due to the relative displace-
ments of the African and Arabian plates (Fig. 1a). In the no-
net-rotation reference frame, the African and Arabian plates
both move northward, but their displacement vectors differ
slightly in terms of their magnitudes and orientations (Smith
et al., 1994; McClusky et al., 2003). This leads to the diver-
gence of the African and Arabian plates in the area of the Red
Sea and results in spreading of this ocean-type basin. In the
area of the Dead Sea and to the north, the displacement vec-
tors of these plates are nearly parallel; however, the Arabian
Plate moves faster, thus resulting in conditions for transform
faulting.

Sharp bathymetry features of the Gulf Aqaba floor and the
presence of deep-sea segments reaching depths of 1850 m
(Fig. 1b) provide evidence for ongoing active tectonic pro-
cesses (Ben-Avraham et al., 1979; Ehrhardt et al., 2005;
Makovsky et al., 2008). It appears that in some parts of the
Gulf of Aqaba, the sedimentation rate cannot compensate
for the rapid subsidence of the sea floor (Ten Brink et al.,
1993). This sedimentation regime differs from the Gulf of
Suez, which is located on the other side of the Sinai Penin-
sula. Many consider the Gulf of Suez to be a zone of ongo-
ing crustal extension (McClusky et al., 2003; Mahmoud et
al., 2005), and it is nearly fully covered by young sediments
(Cochran and Martinez, 1988; Gaulier et al., 1988).

Although the link between the opening of the Aqaba basin
and the initiation of the DST displacement is generally ac-
cepted, details of this process are still debated. Most scholars
associate the origin of deep linear depressions along the DST,
such as the Gulf of Aqaba and the Dead Sea, with the pull-
apart mechanism (Mann et al., 1983; Makovsky et al., 2008;
Petrunin and Sobolev, 2008; Hartman et al., 2014). In this
context, lateral displacements along a non-straight fault line
should lead to the origin of compression and extension zones
at the vicinity of the fault, and many studies have used both
numerical modeling (Petrunin and Sobolev, 2008; Petrunin
et al., 2012) and geological evidence (Ehrhardt et al., 2005)
to demonstrate the possibility of such a scenario. Alterna-
tively, the origin of the present depressions along the DST
can be explained by the relative transform-normal extension
(Ben-Avraham and Zoback, 1992; Smit et al., 2010) due to
relocation of the pole of rotation for the DST at about 5 Ma
(Garfunkel, 1981). Geophysical investigations of the crustal
and mantle structures are one of the key elements required for
deciphering the puzzle of the tectonic history of this region.

3 Seismic data

In this study, we used the arrival times of P and S seismic
waves from earthquakes occurring beneath the Gulf of Aqaba
and surrounding regions for the analyses. The dataset was
mostly extracted from the catalogs of the ENSN, and it was
complemented by data from the ISC catalogs to enlarge the
study area and improve the data sampling. The distributions

of the stations corresponding to both databases are depicted
in Fig. 2 with different colors. We cross-checked the different
events recorded in the ENSN network with the ISC catalog.
In case of duplicate information on the recorded phases or
events, only the ENSN data were taken into consideration.
Stations available only in the ISC catalog were also included
in the final dataset. The quality control for the combined data
was performed at the stage of source location. To remove out-
liers from the data, we selected the recorded phases with ab-
solute residuals of less than 1.5 and 2 s for the P and S data,
respectively, which corresponded to the stage of source loca-
tion in the initial 1-D velocity model. These threshold values
correspond to the estimated values of residuals along the ex-
isting P and S wave data caused by expected heterogeneities
in the study area.

The data used in this study are part of a dataset that covers
a much larger area than the region presented in the resulting
maps (Fig. 2). The same dataset was used in a recent study
by El Khrepy et al. (2016), who provided information on the
crustal and uppermost seismic structures beneath the Gulf of
Suez. The data for this study were recorded by approximately
300 seismic stations in Egypt and surrounding countries; of
these stations, only 53 were located in the study region (right
panel in Fig. 2). Using the stations and events from a much
larger area surrounding the region of interest enabled us to
improve the azimuthal coverage and increase the number of
recorded phases for some events. The tomographic inversion
was performed for the whole area with sufficient ray cover-
age that was much larger than the area presented in this study.
This allowed us to improve locations of events using the ray
paths traveling outside our area of interest.

In total, we used more than 9000 events from an area cov-
ering all of Egypt (Fig. 2), of which approximately 3000
events corresponded to the Aqaba region and northern Red
Sea. To select the data for tomography analyses, we used
a criterion of a minimum of six picks for any phase (P or
S) per event. In total, we selected ∼ 65 000 P picks and
∼ 17 000 S picks, with an average of nine picks per event.
The relatively small ratio of average number of picks per
event was due to the sparse distribution of stations and mostly
low magnitudes of events. For most of the ray paths (85 %),
the epicentral distances were less than 300 km; however, data
with distances of up to 700 km did exist, and these data pro-
vided us with information about the upper mantle. At the dis-
tances of up to 100 km, the distributions of travel times corre-
spond to the crust with apparent velocities of around 6.1 and
3.37 km s−1 for the P and S data, respectively. For the larger
distances, the travel times correspond to the mantle veloci-
ties: 7.9 and 4.57 km s−1.

4 Algorithm for tomographic inversion

The tomographic inversion was performed by using LO-
TOS (Local Tomography Software) code (Koulakov, 2009)
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Figure 2. Distributions of seismic stations from the ENSN catalog and ISC catalog. (a) Map of the entire network at the regional scale.
(b) Stations and events within the study area. Orange dots represent the following types of seismicity: all events collected from the ENSN
catalog (a) and selected relocated events used in this study (b). Locations of the profiles, for which the vertical sections will be presented,
are shown in (b).

expanded for the case of large areas. This algorithm ac-
counts for the curvature of the Earth when computing the
travel times of seismic rays. This is especially important for
rays with long offsets displaying regular bias if sphericity is
not taken into account (in a flat model, travel times are al-
ways slower). The details of this code have been described
in the literature (Koulakov, 2009) and on a website avail-
able at http://www.ivan-art.com/science/LOTOS/. Here, we
only briefly present the major steps and features. The work-
flow begins with a preliminary calculation of source loca-
tions based on the grid search method. For faster calcula-
tions, we approximated the model travel times by using a set
of tabulated values derived at a preliminary stage. Then, the
locations of sources were recomputed by using the 3-D ray-
tracing algorithm based on the “bending method” (Um and
Thurber, 1987). The 3-D velocity distribution was parame-
terized with nodes that were distributed in the study area ac-
cording to the density of rays, which is computed as the sum
of ray path lengths in a cell of a fixed size (10× 10× 3 km in
our case). The nodes were installed only in areas with suffi-
cient data coverage (with ray densities larger than 10 % of the
total average value). In the vertical direction, the distance be-
tween nodes was inversely dependent on the ray density, but
it could not be less than 3 km. In horizontal directions, the
grid spacing was defined as 10 km. The numbers of param-
eters for the P and S models were ∼ 18 600 and ∼ 10 600,
respectively. An example of the parameterization node distri-
bution, together with the ray paths, is presented in Fig. 3. To
reduce grid dependency, we performed the inversions for four

differently oriented grids with basic orientations of 0, 22, 45
and 67◦ and then averaged the results. The inversion was per-
formed simultaneously for 3-D P and S anomalies, source
corrections (four parameters including coordinates and ori-
gin time corrections for each source) and station corrections.
The velocity solution was damped by a smoothing matrix,
which minimized the velocity gradients between all neigh-
boring parameterization nodes. No damping for the Vp / Vs
ratio was implemented. In this sense, the P and S anomalies
were inverted almost independently (they were only slightly
linked through the source parameters). The inversion was
performed by using the LSQR algorithm (Paige and Saun-
ders, 1982; Nolet, 1987). The steps involving source loca-
tions in the derived 3-D models, the calculation of the first
derivative matrix and the inversion were iterated five times
(a compromise between the computing time and accuracy of
the solution). The values of free parameters (e.g., weights for
smoothing, station and source corrections given in Table 1)
were determined based on the results of synthetic modeling.

The data analysis began with finding an optimal start-
ing velocity model. We used a fairly simple approximation
that employed a 1-D distribution of P velocity and a con-
stant value of the Vp / Vs ratio. The P velocity was defined
in several depth levels; between these depths, the velocity
was linearly interpolated. The optimal model was determined
by using the trial and error method. The initial location of
sources (i.e., grid search with tabulated travel times) was per-
formed in approximately 20 different models by using differ-
ent P velocities and Vp / Vs ratios. In each case, we changed
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Figure 3. Distributions of the ray paths (gray dots) and nodes of the
parameterization grid (red dots). Depth intervals and types of data
are indicated on the top left of the maps.

Table 1. Values of some parameters used to calculate the main to-
mographic model.

Parameter description Value

Grid spacing, horizontal 10 km
Minimum grid spacing, vertical 3 km
Minimum number of picks per event 6
Maximum residual deviation, P and S 1.5 and 2 s
Smoothing for the P velocity 1.5
Smoothing for the S velocity 3
Station corrections, P and S 0.1 and 0.3
Weight for the source coordinate correction 5
Weight for the source origin time correction 5

the values of the Vp / Vs ratio and P velocity at one or sev-
eral depths and then performed the location of events in the
model. The best model was the one that provided the mini-
mum number of rejected outliers and minimum values of av-
erage residual deviations. Furthermore, we made several tri-
als of full iterative tomographic inversion to be sure that the

Table 2. The optimal 1-D P velocity distribution used as a reference
model for the tomographic inversion.

Depth, P velocity,
km km s−1

−3 4.9
10 6.0
20 6.7
30 7.5
50 8.0

100 8.2

best model provided a similar number of positive and nega-
tive anomalies at all depths. Note that we performed the opti-
mization for the entire dataset of the Egyptian networks; so,
the resulting heterogeneities within the selected area of inter-
est may appear not perfectly balanced. As a result of these
procedures, we obtained an optimal Vp / Vs value of 1.74
and the P velocity distribution presented in Table 2.

5 Results

5.1 Resolution tests

Before discussing the main velocity models, we present the
results of synthetic tests used to assess the horizontal and ver-
tical resolution. Synthetic data were computed by using the
same ray configuration as that in the observed data catalog
used to calculate the main tomography model. The synthetic
travel times were calculated by using the algorithm for 3-
D ray-tracing based on the bending method. Random noise
with a magnitude of 0.15 s was added to the synthetic travel
times. Before starting the reconstruction, we perturbed the
locations of events and origin times so their true values re-
mained unknown. The reconstruction procedure included all
of the steps performed during the LOTOS code procedure de-
scribed in Sect. 4, including the preliminary location identifi-
cation of sources in the starting 1-D model. This step strongly
biases the synthetic residuals and leads to a trade-off between
the source and velocity parameters, similar to the processing
of observed data. These synthetic tests helped us to derive
the most optimal values for the inversion parameters, thus
enabling the highest quality of reconstruction. The parame-
ters were then used to perform the inversion of the observed
data.

Here, we present results for three synthetic models. The
first model (Fig. 4) was used to assess the horizontal reso-
lution. In this case, cells with positive and negative anoma-
lies with an amplitude of ±5 % and a size of 50 km× 50 km
were defined without depth changes. The synthetic anoma-
lies were added to the reference 1-D velocity model with
the constant Vp / Vs ratio. In this specific case, the reference
model is presumed to be known. The results in Fig. 4 show

www.solid-earth.net/7/965/2016/ Solid Earth, 7, 965–978, 2016
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Figure 4. Results of the checkerboard test with the model unchanged with depth for P and S velocity anomalies. The recovered velocity
anomalies are presented in four depth sections. Dotted lines indicate the configurations of the “true” synthetic patterns. Triangles depict
seismic stations.

that this model generally recovered the anomalies well in
most parts of the study area. The best resolution was achieved
beneath Sinai and the Gulf of Aqaba, where we were able to
restore both the shape and amplitudes of the anomalies. We
also tried other checkerboard anomalies and found that pat-
terns with smaller sizes of 25–30 km were still detectable in
these areas. It is interesting that beneath the northern margin
of the Red Sea, where we do not have stations, the synthetic
structures can still be resolved correctly. At deeper sections
(40 km), we observed some loss of resolution throughout the
study area. However, while performing other tests with larger
anomalies, we found that a fair resolution at 40 and 50 km
depth could be achieved for pattern sizes starting from 80 to
90 km.

The second model (Fig. 5) aimed to estimate the vertical
resolution. Because of the trade-off between the source and
velocity parameters, in most cases of earthquake tomogra-
phy analysis, the vertical resolution is much poorer than the
horizontal resolution. In this test, we defined checkerboard
anomalies along the same vertical sections that were used

for presenting the main results. Across the section, the thick-
ness of anomalies was 40 km. To avoid overlapping synthetic
anomalies in the case of intersections of different sections,
we performed separate calculations for four models in which
the synthetic anomalies were defined along a single profile.
Here, we show the results for the P model. We see that
in most sections, the change in the anomaly sign at 15 km
depth was correctly recovered. The anomalies between 15
and 45 km were only recovered in the presence of deep earth-
quakes, and in many cases, they were strongly smeared. Fair
recovery of anomalies in this layer was achieved beneath
Sinai (left parts of Sects. 3 and 4), where the anomalies ap-
peared to be even clearer than the shallow anomalies above
15 km depth. The best resolution was achieved beneath the
northernmost margin of the Red Sea and southern part of the
Gulf of Aqaba, where we were able to resolve the second
boundary of change in the anomaly sign at 45 km. This test
shows that the vertical resolution is strongly variable; this
should be considered when interpreting the results.

Solid Earth, 7, 965–978, 2016 www.solid-earth.net/7/965/2016/
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Figure 5. Checkerboard tests with the model changing the sign of
anomalies at 20 km depth. Here, only P velocity anomalies are
shown. Locations of the sections are shown in Fig. 2. Thin black
lines indicate the configurations of the “true” synthetic patterns.
Dots depict projections of seismic events located at the vicinity of
the profile.

The last test aimed to check the possibility of restoring the
variations of first-order interfaces such as the Moho bound-
ary. Normally, seismic tomography provides continuous ve-
locity distributions, and it cannot be directly used for study-
ing the geometry of interfaces with sharp velocity contrasts.
At the same time, velocity variations in the corresponding
depth interval may give information about the relative devi-
ations of the interface depth. In the upper plot of Fig. 6, we
present a synthetic model representing the crust with vari-
able thickness. In this model, an anomaly of −20 % defined
within a 3-D polygonal prism representing the crust is super-
imposed with the reference 1-D velocity distribution. After
computing the synthetic travel times, we performed the re-
construction procedure with another 1-D model. The recov-
ered P and S velocity models are shown in the middle and
lower plots of Fig. 6. Here, it can be seen that for the P veloc-
ity model, the Moho interface can be associated with the iso-
velocity line at 6.6 km s−1 (blue layer). The total variation of
the Moho depth of ∼ 20 km was reconstructed correctly, al-
though the transition zone between “thin” and “thick” crust
appeared smoother than that in the synthetic model. For the
S model, we detected a general trend of thickening and thin-
ning of the crust, though the absolute variations of the ve-
locity contour lines appeared smaller than the deviations of
the Moho in the synthetic model. This test shows that the
relative deviations of the main first-order interfaces can be

Figure 6. Synthetic test on recovering the Moho depth variations in
Sect. 2 (see Fig. 2 for the location of the profile). The upper plot
shows the synthetic model; the middle and lower plots show the
reconstruction results for the P and S velocities, respectively. The
dotted line depicts the synthetic Moho interface, and dots depict the
earthquakes used for inversion.

investigated based on the consideration of absolute velocities
in vertical sections.

5.2 Inversion results

For the inversion of observed data, five iterations were per-
formed. During the inversions, the average absolute resid-
uals were reduced from 0.232 to 0.173 s (25.5 %) for the
P data and from 0.348 to 0.208 s (40.2 %) for the S data.
The values of the final residuals were generally compatible
with the picking accuracy estimates reported by the ENSN
(0.1–0.15 s for the P phases and 0.15–0.2 for the S phases).
The larger reduction for the S data seems to be paradoxical
considering the lower quality of the S picks. However, the
S data were more sensitive to velocity anomalies because the
same percent value of an anomaly yielded a larger S residual
compared with the P residual. In addition, the amplitudes
of the S anomalies were usually stronger than those of the
P anomalies.

The inversion results for the P and S anomalies are pre-
sented in horizontal sections (Fig. 7). For reference, in the
section at the 10 km depth, we show the locations of the
main faults. At the 20 and 30 km depths, we provide recon-
struction markers for the left-lateral displacement of the DST,
which will be considered in the Discussion (Sect. 6). Velocity
anomalies are shown only in areas with a sufficient amount
of data. Outside the resolved areas, the anomalies are shaded.

An informal argument for the robustness of the computed
tomography models is the clear correlation of the main P

and S velocity anomalies that were independent in inversion.
Although P and S velocities should not necessarily fit each
other, in practice, the main geological structures behave sim-
ilarly in both cases, especially on a large scale.

www.solid-earth.net/7/965/2016/ Solid Earth, 7, 965–978, 2016
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Figure 7. P and S anomalies resulting from the observed data inversion in four horizontal sections. At 10 km depth, major tectonic units (the
same as in Fig. 1b) are shown. In sections at 20 and 30 km depth, the reference lines marking the displacements along the DST are depicted
by green dotted lines.

The most striking feature, which was visible for both
P and S anomalies at all depths (Fig. 7), was the promi-
nent high-velocity anomaly beneath the Red Sea. The lim-
its of this anomaly matched with the coastal line (especially
at 30 km depth). The amplitude of this positive anomaly
reached 10 %. As we can see in the checkerboard tests, the
existing data configuration allows for robust recovery of this
structure.

At 10 km depth (left column in Fig. 7), the areas to the
north of the Red Sea look patchy, which is possibly indica-
tive of the complex structure of the upper crust in this region.
The similarity of the P and S anomalies and best resolu-
tion achieved at this depth in the checkerboard tests indicate
the robustness of these structures. At 10 km depth, we did
not observe any clear structures associated with the Gulf of
Aqaba. The Gulf of Suez at this depth is associated with a
low-velocity anomaly.

At 20 km and deeper, the structures become more regu-
lar and less patchy. The Sinai Peninsula at 20 and 30 km
depth (second and third columns in Fig. 7) is mostly asso-

ciated with a prominent low-velocity anomaly, whereas at
10 km depth, we observed complex alternations of positive
and negative anomalies. Beneath the onshore areas of Saudi
Arabia and along the DST, we observed a large low-velocity
anomaly. Together with the Sinai’s anomaly, it forms a zigzag
(or Z-shaped) structure at 20 and 30 km depth following the
coastal line of Sinai and Arabia.

At 40 km depth (right column in Fig. 7), the structure be-
comes rather simple. In the P velocity model, we observed
a straight diagonally oriented transition dividing the whole
area into two parts, namely, a positive anomaly to the south-
west and a negative anomaly to the northeast. In the S ve-
locity model, we still observed a remnant of the Sinai-related
negative anomaly, which can be explained by the relatively
poor vertical resolution of the S model and downward smear-
ing of crustal anomalies.

Absolute P and S velocities are shown at a 30 km depth
with four vertical sections (Figs. 8 and 9). We have applied a
special color scale to help highlight the main geological lay-
ers. We assume that the brown color represents sediments,
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Figure 8. Absolute P velocity at 30 km depth and in four vertical
sections. Locations of the sections are shown in the map. White dots
are the projections of earthquakes onto the profiles.

green and light blue are associated with the upper crust, dark
blue is the lower crust and red and yellow depict the upper-
most mantle. Thus, the contour lines in the vertical sections
may roughly represent deviations in the main interfaces.

6 Discussion

6.1 Comparison with previous studies

Previously, tomography results at the crustal and uppermost
mantle scales for this region were lacking. While there have
been several local-scale offshore experiments in the northern
Red Sea and in the Gulf of Aqaba (Ben-Avraham et al., 1979;
Ginzburg et al., 1981; Ben-Avraham, 1985; Makovsky et al.,
2008; Hartman et al., 2014), these studies mostly investigated
the shallow structures beneath the sea floor that do not inter-
sect with the resolved area of our study. The distributions of
velocity anomalies shown in Fig. 7 can be compared with
previous results on larger scales based on different methods.
For example, in the regional tomography model by Chang
and van der Lee (2011), the study area is entirely located
within one large low-velocity pattern. Some similarities can
be observed with the seismic velocity anomalies for the
Aqaba region in the model by Koulakov and Sobolev (2006),
which was based on data from the ISC catalogs, especially
for the distributions of the S anomalies. However, that area
was on the margin of the model and thus had lower data den-
sity and poorer resolution. For the upper mantle, the P ve-
locity model is similar to a recent tomography model of the
entire Arabian region by Koulakov et al. (2016), in which the
southern part of the Gulf of Aqaba corresponds to the higher
velocity anomaly at 100 and 200 km depths. Meanwhile, the
large area corresponding to the Dead Sea and surrounding
region coincides with the lower velocity anomaly.

Figure 9. Same as Fig. 8, but for the S absolute velocities.

6.2 Moho depth variations from tomography

Normally, seismic tomography cannot be used for determin-
ing the depth of the first-order interfaces such as Moho.
Specifically, tomography inversion provides the continuous
distributions of anomalies for P and S wave velocities and
it cannot restore sharp velocity changes. At the same time,
some authors claim that in cases of varied interfaces with suf-
ficiently strong velocity contrasts, velocity heterogeneities at
corresponding depths may give information about the rela-
tive depth variations of the interface. For example, Koulakov
et al. (2015), based on tomography work, have produced a
map of the Moho depth variations beneath the central Hi-
malayas. In that study, they used synthetic tests to show the
resolving capacity and limitations of such an approach. Here
we use an approach similar to the one presented in Koulakov
et al. (2015) and show that recovery of the Moho depth vari-
ations is also possible in our case (Fig. 6).

We propose that the absolute velocities can be used for es-
timating the Moho depth in the Aqaba region and surround-
ing areas. In Figs. 8 and 9 with the absolute velocities in ver-
tical sections, we developed a special color scale that facili-
tates the tracing of certain velocity values possibly represent-
ing geological strata. The contour lines of Vp= 7.3 km s−1

and Vs= 4.3 km s−1 (violet layer) are the average values be-
tween the lower crust and uppermost mantle and may indi-
cate the deviation of the Moho interface. On the basis of this
assumption, we can estimate that beneath the Red Sea, the
crustal thickness is approximately 20 km. The largest thick-
ness observed was in the area of the DST (northern part
of Sect. 1) and beneath Saudi Arabia (northeastern part of
Sect. 2), where the Moho depth reaches∼ 40 km. A relatively
thin crust (25–30 km) was observed beneath the middle part
of Sinai (northwestern part of Sect. 3 and southwestern part
of Sect. 4). The maps of absolute velocities at 30 km may
indicate mantle velocities beneath the Red Sea (yellow and
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Figure 10. Back-reconstruction of the displacements along the DST
since the initiation in the early Miocene (left) (Eyal et al., 1981)
and present topography along the DST. Red lines mark the main
structures at the initial stage for reference.

red) and crustal velocities in most of the surrounding areas
(violet and blue).

Note, however, that these values should be considered as
qualitative estimates of the Moho depth variations because of
many additional factors that might also affect seismic veloc-
ities (such as velocity variations in the crust and mantle).

6.3 Oceanic crust in the Red Sea

The main feature, which is clearly observable in both P and
S velocity models at all depths, is the strong high-velocity
anomaly that corresponds to the Red Sea. At the 30 km depth,
the high velocity in the Red Sea may be related to a sig-
nificantly thinner crust. In offshore areas, this depth corre-
sponds to the mantle, whereas in continental areas, this is
still the lower crust. The same conclusion follows from con-
sideration of the absolute velocities along Sects. 1, 2 and 3
in Figs. 8 and 9. The high-velocity anomalies in the upper
sections may support the notion that there is a prevalence
of mafic rocks with higher velocities compared with felsic
rocks, which is typical for the upper continental crust in sur-
rounding areas (e.g., Rudnick and Fountain, 1995). This fact
may renew debates regarding the nature of the crust in the
northern Red Sea. According to a concept proposed by some
authors (e.g., Cochran and Martinez, 1988) that is based on
the absence of clear signatures of spreading ridges and linear

Figure 11. Back-reconstruction of the P velocity model at 10
and 30 km depth according to the DST displacements presented in
Fig. 10. Green dotted lines depict the reference markers for the dis-
placement. Violet lines are the structures discussed in the text. The
red dotted lines are dykes according to Eyal et al. (1981).

magnetic anomalies (e.g., McKenzie et al., 1970), the crust
in the northern part of the Red Sea was formed as a result
of gradual stretching, and thus, it has both felsic and mafic
components. However, more recent studies (Cochran, 2005;
Cochran and Karner, 2007) report clear axial depression of
the bathymetry and aligned magnetic anomalies as well as a
chain of dykes that are more typical for rifting processes. In
our study, we can see that the high-velocity anomaly in the
Red Sea has very sharp bounds coinciding with the coast-
line; this presumes an abrupt difference in crustal properties
between the onshore and offshore areas at all depth intervals.
This would mean that the upper felsic crust is almost absent
at this area, and this would not be possible in the case of
gradual stretching of the continental crust. We propose that
such slow spreading might originate from a dispersed system
of dykes covering large areas of the sea bottom. However, to
prove this hypothesis, additional studies in other disciplines
are needed.

At 40 km depth, the structure corresponds with the upper-
most mantle. As observed in synthetic tests, the vertical reso-
lution of the S model at this depth is poor. Therefore, it might
be affected by the vertical smearing of crustal structures and
the corresponding results do not accurately represent the dis-
tribution in the mantle. At the same time, the mantle structure
for the P velocity appears to be robust. The presence of high
velocities in the uppermost mantle beneath the northern Red
Sea at this depth does not confirm the hypothesis of signifi-
cant hot asthenosphere upwelling, which would exist in the
case of active rifting. This result supports the passive nature
of the extension, which is likely due to relative displacements
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of large lithospheric plates, namely, the African and Arabian
plates. This looks consistent with the results of regional to-
mography work by Koulakov et al. (2016) in which the Red
Sea is associated with high-velocity anomalies in the upper
mantle.

6.4 Initiation and development of the DST

Our seismic tomography model provides new information on
the crustal and uppermost mantle structures that may help to
elucidate the details of the initiation of the DST fault and
opening of the Gulf of Aqaba. In Fig. 10, we present the
reconstruction of the displacements along the DST merely
based on the analysis of the topography features that pro-
vide the most consistent fit of the basin limits. In this simple
“scissor and paper” model, we do not consider the difference
in slip rate along the DST, which seems to be not signifi-
cant between the Dead Sea and Gulf of Aqaba (Garfunkel,
1981). We can see that the present locations of depressions
along the DST can be explained by the relative transform-
normal extension (Ben-Avraham and Zoback, 1992; Smit et
al., 2010) caused by the relocation of the pole of rotation for
the DST at about 5 Ma (Garfunkel, 1981). The left plot in
Fig. 10 depicts a possible structure before the initiation of
the DST. In this reconstruction, the coastal structures form
continuous trends in NW–SE directions, which are indicated
with red lines. According to our reconstruction, the present
configuration, shown in the right plot in Fig. 10, was ob-
tained by a left-lateral displacement of the Arabian Plate to
∼ 100 km with a simultaneous counterclockwise rotation to
2.7◦. The total displacement is generally consistent with es-
timates made by other researchers, based on the similarity of
geological strata (Freund et al., 1968). In this plot, red lines
along the DST mark the location of the initial fault in the op-
posite flanks. Between these lines, there are extension zones
that correspond to the Gulf of Aqaba and the Dead Sea. This
reconstruction demonstrates the origin of the Aqaba basin
resulting from simultaneous relative rotation of the Arabian
Plate and an offset along the DST. For the Dead Sea, we have
defined a step-shaped feature on the fault that facilitates the
extension due to the pull-apart mechanism (e.g., Petrunin and
Sobolev, 2008).

Here, a natural question arises: can we detect the traces
of this displacement in the crustal and uppermost mantle
structures based on our tomography results? In Fig. 11, we
present the back-reconstruction of the P velocity seismic
structures in the upper and lower crust corresponding to the
lateral displacement modeled in Fig. 10. In the shallow crust
(left column in Fig. 7), except for the large high-velocity
anomaly beneath the Red Sea, the structures of the P and
S anomalies are unexpectedly inconsistent with the distribu-
tion of the main geologic units. Neither the location of the
Gulf of Aqaba nor the distributions of the main faults in-
dicated on the maps at 10 km depth can be unambiguously
associated with seismic anomalies. The seismic patterns in

the Aqaba area look patchy and non-structured. However, as
shown in the left panel of Fig. 11, after shifting the eastern
flank with respect to the western one according to our back-
reconstruction model, the structures become more consistent.
For example, the negative seismic anomalies at the 10 km
depth seem to form two continuously curved zones, which
are highlighted with violet lines that appear to be nearly par-
allel. We may hypothesize that these anomalies represent hid-
den geological structures that existed in the crust prior to
the initiation of the DST fault. Note also that after back-
displacement along the DST fault, the dykes identified by
Eyal et al. (1981) (red dotted lines in the left plot of Fig. 11)
seem to form consistent structures aligned parallel to the
coast.

In sections at depths of 20 and 30 km in Fig. 7, we depict
the markers of the lateral displacements since the initiation
of the Dead Sea Fault with green dotted lines. The line along
the coast, which has a step-shaped form after ∼ 100 km of
left-lateral displacement, almost perfectly fits the transition
between high- and low-velocity anomalies. In the right panel
in Fig. 11, we present the seismic structure corresponding to
the stage just before initiation of the DST. Here, it can be seen
that the transition between high- and low-velocity patterns
looks almost straight. These reconstructions correspond well
to the total estimates of the lateral displacements along the
DST derived from independent sources.

6.5 Traces of the Aqaba and DST in the crust and
mantle

The lack of a prominent anomaly beneath Aqaba (left column
in Fig. 7), which was expected at shallow depths because
of the sediments, may indicate a relatively thin sedimentary
cover that does not considerably contribute to the seismic
model. The Gulf of Aqaba has generally deep bathymetry,
which indicates that the rate of extension here exceeds the
sedimentation rate. According to seismic surveys by Ben-
Avraham et al. (1979), the maximum thickness of sediments
in the Aqaba basin may reach 2–3 km, but the thickness ap-
pears to be strongly variable. The sedimentation in the Aqaba
basin appears similar to the average sedimentary cover thick-
ness in the surrounding onshore areas and thus does not pro-
duce a prominent relative negative anomaly in the shallow
velocities. Furthermore, the ray configuration used in this
study does not allow for the recovery of shallow anomalies
in the offshore areas. This can be compared with tomogra-
phy results for the shallow water basin of the Gulf of Suez
(left column in Fig. 7), which is completely covered with
sediments and is where we observed a shallow low-velocity
anomaly both in the P and S velocity models.

At deeper sections (second and third columns in Fig. 7),
we observed a negative anomaly along the northern seg-
ment of the Gulf of Aqaba and the DST, which is especially
clear for the S velocity model at 30 km depth in Fig. 7. This
structure possibly indicates crustal thickening and local heat-
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ing due to the slip-parallel extension of the basin. However,
seismic anomalies only indirectly represent crustal thickness
variations, and they are sensitive to only large deviations of
the Moho depth. Other methods such as seismic reflection
surveys or receiver function analysis would be more suitable
for this purpose.

We can see that at 40 km depth (right column in Fig. 7),
which corresponds to the uppermost mantle, the structure of
P velocity anomalies is different from those in the lower
crust and transition zone. This difference is less prominent
for the S velocity, probably because of the poorer vertical res-
olution that smears down the crustal anomalies to the mantle.
In the P velocity model, instead of the step-shaped contact
zone identified at the 30 km depth, we observed a nearly lin-
ear transition oriented SSE–NNW between high velocities
to the southwest and lower anomalies to the northeast. The
shape of this boundary looks very similar to that in the lower-
crustal model after back-reconstruction as shown in the right
panel Fig. 11. Thus, these findings seem to indicate that the
uppermost mantle conserves its structure regardless of slip
displacements along the DST. Note that the orientation of
the transition between high- and low-velocity anomalies ap-
pears to be nearly perpendicular to the general direction of
horizontal smearing identified in synthetic modeling; thus it
cannot be an artifact due to poor horizontal resolution.

There are other lines of evidence that show the DST does
not affect the mantle structures significantly. For example,
the regional tomography model of the eastern Mediterranean
by Koulakov and Sobolev (2006) shows a zone of relatively
low P wave velocity to the north of Aqaba continuously
crossing the fault. Teleseismic tomography for the Dead Sea
area (Koulakov et al., 2006) also did not reveal any fault-
related structures in the upper mantle. It is important that the
existing models of the Moho depth in this region (see review
in Mechie et al., 2013) do not reveal any clear connection
with the displacement along the DST. However, it is not en-
tirely clear how these continuous features in the uppermost
mantle could be conserved after more than 100 km of dis-
placement along the DST fault. All these examples suggest
that most of the displacements along the DST occur in the
crust, whereas the component of the strike-slip displacement
rapidly decays with depth in the mantle lithosphere. Consid-
ering the relatively thin lithosphere (60–70 km), which has
a tendency for southward thinning (Mohsen et al., 2006) in
this region, one might assume that the anomalies in the man-
tle are mostly controlled by present-day thermomechanical
processes in the lowermost lithospheric mantle and astheno-
sphere, rather than the displacements along the DST. How-
ever, this question still requires further investigations.

It would be interesting to study the relative velocity
anomalies beneath Aqaba at depths that fully correspond
to the mantle to identify the link between mantle processes
and crustal displacements. Unfortunately, the velocity model
does not have sufficient resolution for depths greater than
40 km. At our scale and in our area of interest, information

on mantle structures can only be derived from the analysis of
teleseismic data. Our future work will focus on analyses of
the teleseismic records provided by stations distributed over
the whole area and on the acquisition of more information on
mantle processes beneath the northern part of the Red Sea.

7 Conclusions

A large dataset containing the P and S wave arrival times
from regional earthquakes provided by the Egyptian National
Seismological Network was used for a tomographic investi-
gation of the crustal structure beneath the area of the Gulf of
Aqaba and northern Red Sea. The main products of this work
included 3-D models of P and S seismic velocities within the
crust and uppermost mantle for these regions. The model re-
sults have helped us to close the gap between the existing
small-scale active source studies of the uppermost crust be-
neath the offshore areas of the Red Sea and Gulf of Aqaba
and large-scale regional mantle models beneath Africa and
Arabia derived from the inversion of body and surface wave
data.

The new seismic models revealed a strong high-velocity
anomaly in the northern Red Sea, with sharp boundaries co-
inciding with the coastal line. This may be indicative of an
oceanic or transitional (mafic-dominated) type of crust and
seems to oppose the concept of gradual stretching of the con-
tinental crust in the northern Red Sea that has been proposed
by some authors. However, the question about the develop-
ment of the oceanic crust, specifically in regard to the ab-
sence of any traces of ridges and spreading centers in the
northern Red Sea that would require a rather dispersed ex-
tension of oceanic crust as opposed to spreading localized
along rifts, still remains unanswered.

As it was demonstrated in synthetic test results shown in
Fig. 6, the absolute velocities in vertical sections can be used
for estimating the variations of the Moho depth. According
to our results, the Moho depth varies from ∼ 20 km beneath
the Red Sea to ∼ 40 km beneath the Arabian Plate. In this
sense, the crust in the Red Sea is not “classically” oceanic,
with a typical thickness of ∼ 7 km. At the same time, strong
high-velocity anomalies presume that the mafic component
prevails here; thus, it cannot be associated with stretching of
the continental crust.

In the middle and lower crust, the seismic anomalies seem
to delineate a step-shaped pattern, which is indicative of
the left-lateral displacement of the crust along the Dead
Sea Transform fault. The estimated value of this displace-
ment from the seismic tomography model is approximately
100 km; this is consistent with existing estimates from geo-
logical and geomorphology data for the southern part of the
DST.

At 40 km depth, no apparent link between the locations
of seismic anomalies and the DST fault zone was observed.
Previous studies also did not reveal any fault-related struc-
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tures in the uppermost mantle. This might indicate that the
displacement along the DST occurs merely in the crust and
decays rapidly with depth. However, this question still re-
quires further investigations.

8 Data availability

The data are available at the Egyptian National Seismolog-
ical Network ENSN, National Research Institute of Astron-
omy and Geophysics NRIAG, Helwan, Cairo, Egypt, http:
//www.nriag.sci.eg/.
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